Hydrogen-gas etching of a 6H-SiC0001 surface and subsequent annealing in nitrogen atmosphere leads to the formation of a silicon oxynitride (SiON) epitaxial layer. A quantitative low-energy electron diffraction analysis revealed that the SiON layer has a hetero-double-layer structure: a silicate monolayer on a silicon nitride monolayer via Si-O-Si bridge bonds. There are no dangling bonds in the unit cell, which explains the fact that the structure is robust against air exposure. Scanning tunneling spectroscopy measured on the SiON layer shows a bulk SiO 2 -like band gap of 9 eV. Great potential of this new epitaxial layer for device applications is described. DOI: 10.1103/PhysRevLett.98.136105 PACS numbers: 68.35.ÿp, 61.14.Hg, 61.66.ÿf, 68.35.Ct Silicon carbide (SiC) is a promising material for power electronics due to its fascinating fundamental properties such as wide band gap, high breakdown electric field, and high thermal conductivity [1] . In addition, SiO 2 layers can be formed on SiC surfaces by conventional methods established in Si processing technology, which makes SiC more attractive for fabricating metal-oxide-semiconductor devices. In contrast to the SiO 2 =Si interface, however, the concentration of structural defects is very high at the SiO 2 =SiC interface [2, 3] . Probably due to the interface defects, which either trap or scatter carriers, the carrier mobility beneath the interface is much lower than that expected for ideal . Thus, creating an ideal insulator-SiC interface is a crucial requirement for the development of SiC-based devices.
Silicon carbide (SiC) is a promising material for power electronics due to its fascinating fundamental properties such as wide band gap, high breakdown electric field, and high thermal conductivity [1] . In addition, SiO 2 layers can be formed on SiC surfaces by conventional methods established in Si processing technology, which makes SiC more attractive for fabricating metal-oxide-semiconductor devices. In contrast to the SiO 2 =Si interface, however, the concentration of structural defects is very high at the SiO 2 =SiC interface [2, 3] . Probably due to the interface defects, which either trap or scatter carriers, the carrier mobility beneath the interface is much lower than that expected for ideal SiC [4 -6] . Thus, creating an ideal insulator-SiC interface is a crucial requirement for the development of SiC-based devices.
Despite several pre-and/or postoxidation treatments [7] , substantial improvement of the SiO 2 =SiC interface has not yet been achieved. On the other hand, Bernhardt et al. have reported the formation of an epitaxial silicate adlayer on hexagonal SiCf0001g surfaces prepared by hydrogen plasma or etching in hydrogen flow [8] . It has atomically abrupt silicate=SiC interfaces [8] [9] [10] , being expected to be ideal seeds for the epitaxial growth of SiO 2 layers. However, there is one Si[C] dangling bond per unit cell at the silicate=SiC0001SiC000 1 interface. The dangling bonds produce interfacial states within the band gap [9] [10] [11] .
In this Letter, we report the formation of a new surface compound, a silicon oxynitride (SiON) epitaxial layer on a 6H-SiC0001 surface. Preparing the SiC(0001) surface by hydrogen-gas etching and subsequent annealing at 1350 C in nitrogen atmosphere leads to the formation of a 3 p 3 p R30 superstructure. Its atomic structure was determined by a quantitative low-energy electron diffraction (LEED) analysis. Remarkably, the determined structure, denoted the SiON layer, has no dangling bonds in the unit cell, which agrees with the fact that the structure survives exposure to air. Furthermore, the SiON layer is formed on an unreconstructed SiC(0001) surface with an atomically abrupt interface. Scanning tunneling spectroscopy (STS) current-voltage (I-V) characteristic measured on the SiON layer exhibits 9 eV band gap which is comparable with that of bulk SiO 2 .
On-and off-axis (4 off toward 11 20 direction) commercially available 6H-SiC0001 substrates were used in this study. The samples were washed with trichroloethylene, acetone, and methanol in an ultrasonic bath and etched by 50% HF to remove native oxides, before being loaded into a cold-wall horizontal reactor. H 2 -gas etching was then performed at 1350 C for 15 min under atmospheric pressure to clean the substrate surface [12] . H 2 gas was then exchanged for N 2 gas at 1350 C, and the temperature was kept for 2 -30 min under atmospheric pressure.
The samples were exposed to air before being loaded into ultra-high-vacuum (UHV) chambers (less than 5 10 ÿ11 Torr); one is equipped with LEED and the other with a scanning tunneling microscope (STM). The LEED spot intensity was measured by means of a computercontrolled data acquisition system equipped with an intensified charge-coupled device camera [13] . For structure analysis, intensity versus energy [IE] spectra of the LEED spots were measured within an incident energy range of 50 -500 eV. The summation of energy ranges of inequivalent IE spectra, E was 4650 eV. A BarbieriVan Hove symmetrized automated tensor LEED package was used to determine the atomic positions [14] . Thirteen phase shifts were used to represent atomic scattering. The dumping of incident electrons was represented by an imaginary part of the inner potential, V oi , of ÿ4:0 eV. The Pendry R factor (R P ) was used to direct the automated search algorithm [15] . The best agreement of experimental and theoretical IE spectra involved minimizing the R P . Errors of structural parameters were estimated from the variance of the R P , R R P 8V oi =E 1=2 [15] .
All scanning tunneling microscopy (STM) images were obtained with a constant current mode at 80 K. For STS measurements, tip-sample separations were given by a sample bias voltage (V s ) of ÿ5:0 V and tunneling currents from 0.1 to 5.0 nA. Measured I-V characteristics at 80 K were essentially the same within the above tunneling current range. Surface elemental composition was monitored by Auger electron spectroscopy (AES) using four-grid LEED optics.
The samples exhibited a remarkably clear Fig. 1(a) ] without any cleaning procedure in UHV. The bright, sharp fractional order spots and practically no background indicate that it has a very high degree of order. The 3 p 3 p R30 pattern was clearly observed even at incident beam energies above 900 eV, where the mean penetration depth of the incident electron becomes more than 10
A [16] . It is thus suggested that the 3 p 3 p R30 structure has a thickness of several atomic layers. The structure is very stable even in air: after exposure to air for 1 month the sample exhibited a LEED pattern of almost the same quality as before. Typical STM images of the samples taken at V s of ÿ5:0 V are shown in Fig. 1(b) . Hexagonally arranged holes construct the 3 p 3 p R30 lattice (its unit cell is outlined) and cover the entire terraces on both the on-and off-axis samples. We note that on the off-axis sample, 15 nm-width terraces of the same sort, being regularly separated by 6H-height bunched steps with 20 nm periodicity, cover the most part of surface [see inset of Fig. 1(b) ] [17] .
Samples prepared without the nitrogen treatment exhibited another 3 p 3 p R30 pattern with a diffuse background. The IE spectra of its LEED spots, which are specific to the atomic structure, are different from those of the nitrogen-treated sample. Our quantitative LEED analysis confirmed that this 3 p 3 p R30 structure is the silicate adlayer on SiC(0001) surfaces, previously reported [8] [9] [10] . Thus, the nitrogen treatment is an essential step to produce the newly found 3 p 3 p R30 superstructure.
Typical AES spectra of the nitrogen-treated sample are shown in Fig. 1(c) . In addition to the Si LVV and C KLL peaks, N KLL and O KLL peaks were detected. The complex shape of the Si LVV spectrum is noteworthy. Its features at 50 -80 eV suggest the oxygen-bonded silicon atoms [8] , and the peak at 87 eV, deviating from bulkrelated peak at 90 eV [18] , would originate from nitrogenbonded silicon atoms [19] . Although we did not dose oxygen gas during the sample preparation, residual oxygen in the hydrogen and/or nitrogen gases (99.9999%) would be enough to produce monolayer silicates [1] . After annealing at 1050 C for 10 min in UHV, another 3 p 3 p R30 LEED pattern appeared. At the same time the N KLL and O KLL peaks disappeared, and the Si LVV spectrum took on the bulklike shape of SiC [ Fig. 1(c) ]. The quantitative LEED analysis revealed this structure to be a simple adatom structure, where Si adatoms occupy the T 4 site of the topmost SiC bilayer [20] . Thus, these AES and LEED results strongly support that the ex situ prepared sample contains both oxygen-and nitrogen-bonded Si atoms. In contrast to the significant change in the Si LVV spectrum, the C KLL peak did not change its shape after the structural transformation, suggesting that it originates from C atoms in the bulk. Therefore, the ex situ prepared 3 p 3 p R30 superstructure does not contain oxygenand/or nitrogen-bonded carbon atoms.
Based on the above findings we performed the quantitative LEED analysis, and succeeded in determining the structure of the ex situ prepared 3 p 3 p R30 . For the structure analysis the off-axis sample was used, where the terraces of the same sort cover the most part of surface as mentioned above. This significantly reduces complexities of the LEED structural analysis arising from the stacking sequence of SiC bilayers and the coexistence of rotational domains [21] . The best-fit structure model is illustrated in Fig. 2 , and optimized atomic positions are listed in Table I . The IE spectra experimentally obtained and calculated from the optimized structure model show excellent agreement (Fig. 3) . The convincingly small R p of 0.14 ensures that the structure model is correct. The stacking sequence of the SiC layers at the interface region was determined to be [ABC=ACB] , where the slash ''='' denotes the intrinsic stacking fault in 6H-SiC. Other stacking sequences produced R p s larger than 0.30. Table II ) [22] . Highresolution filled-and empty-state STM images shown in Figs. 4(a) and 4(b) , respectively, support the topmost part of the structure model. In bulk SiO 2 and Si 2 N 2 O, it is known that density of states (DOS) of the conduction band is mostly originated from Si orbitals, and that near the valence band maximum O 2p orbitals have prominent DOS [22 -24] . Thus, the bright protrusions in Figs. 4(a) and 4(b) should correspond to O and Si atoms, respectively, which agree with the silicate layer of the structure model.
A typical STS I-V characteristic taken on the SiON layer shows 9 eV band gap which is comparable with that of Fig. 4(c) ]. Because the silicon nitride layer and the substrate are located more than 4 A beneath the surface (see Fig. 2 and Table I), the 9 eV gap should originate from the topmost silicate layer. It is very interesting issue why such the ultimately thin silicate produces the bulklike band gap. Intermediate oxidation states of Si (Si suboxides), such as Si 1 (Si 2 O), and Si 3 (Si 2 O 3 ), are known to produce band gaps narrower than 9 eV at SiO 2 =Si interfaces [25, 26] . And a large deviation in Si-O bonding configuration from the SiO 2 crystals is predicted to produce a narrower band gap [24] . Therefore, although theoretical calculation is required, we note that the absence of the Si suboxides and the close resemblance of the Si-O bond lengths and Si-O-Si bond angles to the SiO 2 crystals (see Table II ) would lead to the bulklike band gap in the single layer silicate.
The remarkable structural properties of the SiON layer suggest its great potential for electronic device applications. By growing thicker dielectric layer on the SiON while maintaining the atomically abrupt, uniform, and dangling-bond free SiON=SiC0001 interface, the interface problems of the devices would be improved. Furthermore, we note that the SiON layer itself can be substituted for the 1 nm thickness SiO 2 layer presently used in SiC-based gas sensors [27] . The chemically and thermally robust SiON layer is expected to overcome problems such as intermixing of the SiO 2 layer at interfaces during high-temperatures and long-term operations.
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